Introduction
The Mekong Delta (MD) in Vietnam is a large supplier of products from the basa (Pangasius bocourti) and tra (Pangasius hypohthalmus) pangasius species. Pangasius farming is a traditional income-generating activity for many farm households living in the MD (Orban et al. 2008; Trung, Thanh, and Phillips 2004; Hung et al. 2004; Cacot and Lazard 1 In the first months of 2009, production of pangasius was under pressure after Russia and Egypt issued import bans on Vietnamese pangasius. By june 2009 Egypt resumed granting import permits for Vietnamese pangasius. Exports to Russia were prohibited from December 2008 to April 2009 after contamination with banned chemicals was found by Russian officials on pangasius imported from Vietnam. Since the lifting of the ban, a minimum price equivalent to 2.3 USD/kg was fixed in order to avoid fierce competition (FISHINFOnetwork Market Report, July 2009, www.eurofish.dk) .
mostly by addressing new markets, including the EU and China. Recently, Russia has become an important importer of Vietnamese pangasius (Andersen et al. 2009) .
The experience of the Catfish War showed the high sensitivity of the livelihoods of pangasius farmers in the MD to changes in their market environment. As 90% of the Vietnamese pangasius production is exported, any change in international trade can have a significant effect on the lives of farm households.
1 Thus, it is of interest to determine whether and how farmers are able to adapt their production systems to changes, as well as to understand the factors that may improve the resilience of these livelihoods. In this article, we aim to analyse the impact of the changes in the market environment and the exponential growth of the export on the production system of pangasius producers in the MD. We compare data on production characteristics that were collected among pangasius producers in the MD in 2002 with data from a smaller sample collected in 2006.
We use a cost efficiency frontier model to analyse the efficiency and price responsiveness of the production structure by calculating the demand elasticities of inputs and returns to scale. Kaliba and Engle (2006) used a frontier model to estimate efficiency levels on catfish farms in Chicot County, Arkansas (using a data envelopment analysis model). To the best of our knowledge, such an approach has not been applied to fish production in Vietnam. In addition, the evolution of micro-economic aspects of pangasius production has rarely been studied, and we could only find a few studies on the impact of changes in international markets on production characteristics of Asiatic aquaculture. Chiang (2005) , for example, models the impact of the accession of China to the WTO on Taiwan's fishery sector using an equilibrium model. In contrast to Chiang (2005) , we use survey data from the farm level to estimate a cost frontier function.
Our interest in the production characteristics of pangasius was triggered by the importance of the sector for socio-economic development within the MD. We believe that it still has potential for expansion. Asche (2008) argues that "there still is tremendous potential for further growth in aquaculture" (p. 528). Yet, producers face a multitude of challenges. Policy makers could play a role in reducing the vulnerability of pangasius production systems and increasing the resilience of farmers' livelihoods. We hope that the results of this research will inform policy makers about measures they can take to foster future development of the sector.
Overview of Pangasius Production in the MD
As mentioned above, only few papers have been published on the microeconomic situation of pangasius producers in the MD. The fish production sector in Vietnam has been described by Van Zwieten, Van Densen, and Thi (2002) . Duc (2009) presented an analysis of the uptake of aquaculture by farmers in south-east Vietnam and its contribution to farm incomes. A similar study was conducted in the MD by Nhan et al. (2007) . Many technical papers have been published on pangasius production in Vietnam, including Cacot and Lazard (2004) , who studied reproduction in captivity; Orban et al. (2008) , who analysed nutritional quality and safety aspects; and Men et al. (2005) , who studied genetic diversity and nutritional values. Figure 1 shows the rapid development of basa and tra farming, which was due to the expansion of markets and increased demand (Cuyvers and Binh 2008; Khoi 2009 ). Of the two species cultivated in Vietnam, tra makes up the bulk of production. Tra is raised in ponds and cages that are anchored in the tributaries of the MD. Basa, on the other hand, is only raised in net cages anchored in rivers. Figure 2 shows a significant change in the balance between the two species: basa accounted for 42.2% of the total quantity produced in 1997, but fell to 1.29% by 2005. Tra that were raised in ponds accounted for 56% of total pangasius production in 1997, increasing to 89.3% in 2005. The decline in basa production can mainly be attributed pond-raised tra becoming more profitable. While basa attracts a higher selling price, the production costs (including the costs for fingerlings) are higher compared to tra, since the mortality rates of the fish during production are higher and the growing period is longer. Furthermore, the processing of basa is less efficient than that of tra; it requires 4 kg of fish to produce 1 kg of basa fillet, while it takes 3 kg of tra for 1 kg of fillet.
Figure 2 also shows a trend towards producing tra in ponds instead of cages. This is because the initial investment costs of ponds are lower, as are the overall production costs. Changes in farming techniques have enabled farmers to reduce the death rates of tra raised in ponds. Currently the death rate of tra raised in ponds is between 10 and 18%, while that of tra raised in cages is between 17 and 20%.
More than 90% of total Vietnamese pangasius production is exported to the world market, and the expansion of this market explains much of the high rate of growth in farm-raised pangasius. Vietnamese pangasius exports increased from 425 tons in 1997 to 27,987 tons in 2002 (just before the Catfish War), and to 640,829 tons in 2008, with a total value of 1,453 million USD (figure 3). Factors that contributed to the recent success of pangasius farming in the MD (Khoi (2009) and Binh (2009) ) include: i) the development of modern production and control systems ensuring that international standards for food safety and hygiene could be met (Orban et al. 2008) ; ii) the specific characteristics of the fish species in terms of flavour, colour, and low cholesterol content, which ensured a high demand (Orban et al. 2008) ; iii) low production costs, which allowed farmers to keep prices low (Rehbein 2008) ; and iv) improvements in the production chain, such as the introduction of the fingerling socialisation programme, which created a more reliable source of tra and basa fingerlings. As mentioned in the introduction, this paper analyses the impact of such changes in the market environment on the production characteristics of fish farmers in the MD. The data and methodology used in the analysis is presented next. 
Data
The analysis uses data from surveys conducted in 2002 and in 2006. Fish farmers were interviewed in three provinces of the MD (An Giang, Can Tho, and Dong Thap). These provinces produce 85% of the total quantity of pangasius in the MD; An Giang accounts for 38% of production, Dong Thap for 23%, and Can Tho for 24%. The sample of respondents was randomly selected in proportion to each province's contribution to pangasius production. The first survey was conducted from November 2002 to January 2003 among 127 fish farmers. Of these farmers, 59% raised tra in cages, 27% raised tra in ponds, and 14% raised basa. Questionnaires were used to interview farmers. The interviews were personally conducted by researchers from Can Tho University and no translation was needed.
A second survey was conducted from january to March 2006. At that time only 29 fish farmers, all raising tra in ponds, were interviewed. As mentioned above, by this time there were only a few farmers still raising basa or tra in cages. This second sample is smaller because of logistical problems in organising the survey. The respondents were randomly selected and the same questionnaire was used.
Methodological Framework
The data was used to study changes in the economic production characteristics between 2002 and 2006. In this section, we explain how cost frontier models are constructed and estimated in order to approximate: i) the demand elasticities of inputs, ii) the levels of returns to scale, and iii) production efficiency.
A standard cost frontier model can be expressed as:
where C i is the actual expenditure incurred by farmer i, CF(.) is the cost frontier, Q i is the output quantity, P i is a K by 1 vector of (exogenous) input prices, and β is a vector of unknown parameters to be estimated. In this article, both a translog and a Cobb-Douglas model were estimated using the farmers' data. The translog cost function is a flexible specification that does not impose a restriction on the possibility of substituting different inputs, and it allows the scale economies to vary between different output levels (Christensen and Greene 1976) . A translog cost function form was first introduced by Christensen, Jorgenson, and Lau (1971, 1973) . The translog cost function contains a single output and three inputs (labour price, biochemical input price, and capital price) and can be written as:
where C represents the total production cost of farmer (Viet Nam Dong (VND)) 2 ; P L is the labour price (VND/month/person); P B is the price of biochemical inputs (VND/kg); P K is the price of capital (VND); β L , β B , β K are the price coefficients of labour, biochemical inputs, and capital, respectively; Q (output) is the fish harvested (tons) by the farmer with the coefficient α Q ; and υ i and µ i are the two independently distributed components of the disturbance term with ε i = υ i + µ i and υ i ~iddN(0,σ ν 2 ) and µ i~i ddN(0,σ µ 2 ). The variables are defined as follows: i) The price of labour is represented by the wages paid by the fish farmers. ii) The price of biochemical inputs is composed of the prices of fingerlings, feed, aquatic drugs, salt, and lime. As a proxy for the price of biochemical inputs, we divided the total cost of biochemical inputs by the output. The output is the pangasius harvested in tons and the change in the stock of living fish.
3 These costs include all local marketing and transaction costs incurred by the farmers, including farm to processor transportation charges and the costs of other marketing activities (Dalton, Masters, and Foster 1997) . Although approximating the price of inputs by dividing costs by output is common, it needs to be mentioned that results should be interpreted with care. The input price proxy for biochemical inputs in our study equals the 'real' input price up to a (multiplicative) constant only if the proportions between output and feed input are fixed (Østbye 2000) . On the one hand, this would mean that diseases or management, for example, may influence the proxy of the input's price through its effect on output. Yet, in the cost frontier model, we take output as an independent variable and, as such, control for potential bias. On the other hand, survival rates of fingerlings and the conversion rate of feed may also influence the price proxy, but are difficult to account for. Yet, arguably, bad records on survival rates and feed conversion rates are reflected in a higher 'economic price.' On average, the most important cost in pangasius production is feed, which accounts for 73.5% of the costs; fingerlings account for 13.5%; and aquatic drugs represent 3.8% (Binh 2009). iii) The price of capital is constructed following Dalton, Masters, and Foster (1997) by calculating the annualized price of durable equipment from the imputed annual cost per unit of durable tools and equipment. The annual price of the equipment is calculated by taking the current value of the item estimated by the farmer, subtracting its salvage value, and multiplying the difference by the capital recovery factor (CRF). The CRF assumes a 10% real interest rate, a 10-year life for manual implements, and a 20-year life for larger implements. The real interest rate of 10% that is used here is the average of two rates, namely the interest rate that the farmer pays for borrowing money (from both formal sources, such as government banks, and informal loan providers, who charge high interest rates ranging between 4 and 20% per month) and the opportunity cost for the capital elsewhere in the farmer's business. This data was derived from the survey. Finally iv), the output variable is defined as the volume (in tons) of raw pangasius harvested at the farm gate.
Symmetry requires that:
A requirement of linear homogeneity in input prices implies the following restrictions:
The first derivative of the cost function with respect to i th input is the cost share of that input. The share functions of each of the three inputs are as follows (Shephard 1953) :
Because the sum of these cost shares (i.e., labour, biochemical inputs, and capital) must add up to one, one of the share equations from equation (5) will be redundant (Barten 1969) . In this study, the cost share equation of capital was not estimated to avoid singularity.
When applying the Cobb-Douglas specification, we imposed following restrictions:
This resulted in the following equation:
where C represents the total production cost of the farmer (VND); P L is the price of labour (VND/month/person); P B is the price of biochemical inputs (VND/kg); P K is the price of capital (VND); β L , β B , and β K are the price coefficients of labour, biochemical inputs, and capital, respectively; Q is the fish harvested (tons) by the farmer with the coefficient α Q .
To test for a shift in frontier productivity, the cost function was estimated using pooled data from the two periods (2002 and 2006) . This yielded the following model:
ln ln ln ln ln ln ,
where the variables are defined as above and D is a dummy variable (1 = 2002 data, 0 = 2006 data). A Chow test was used to estimate whether the subgroup regression coefficients differed significantly (Chow 1960 
where SSE p is the sum of squared error terms of the pooled model in equation (8), SSE 1 is the sum of squared error terms for the first model containing 2002 data, SSE 2 is the sum of squared error terms for the second model built on 2006 data, N 1 -(K+1) is the degree of freedom for the first model, 4 N 2 -(K+1) is the degree of freedom for the second model, and K is the number of estimated parameters.
The estimated cost frontiers also allow us to calculate the cost efficiency, the Allen partial elasticities of substitution, the price elasticities, and the level of returns to scale. The cost efficiency (CE) was estimated from the cost frontier CF(.) using the following equation:
with ε i being the disturbance term, which is the difference between the actual and the estimated cost frontier; and υ i and µ i are the two independently distributed components of the disturbance term with ε i = υ i + µ i . The two-sided random disturbance, υ i , reflects the influence of random factors, such as the weather, while µ i , which is one-sided and non-negative, captures the cost inefficiency. Hence e -µi is the measurement of farm-level inefficiency (Kumbhakar and Lovell 2000) . In this article, the analysis is restricted to calculating technical efficiency.
The Allen partial elasticities of substitution allow pairs of inputs to be classified as being either substitutes or complements (Allen 1938 ). In the following paragraphs, we attempt to briefly show how these partial elasticities of substitution are derived from the cost function (see Christensen and Greene (1976) for further details).
Based on the cost shares, the Allen partial elasticities of substitution between input j and input k can be computed from the cost function by the equation (Christensen and Greene 1976; Uzawa 1963): (1 )
The Allen partial elasticities of substitution will change when the cost shares have different values; they are not supposed to be constant. A positive value of the elasticity of substitution, σ jk , suggests that the inputs j and k are substitutes, while a negative value suggests that the two inputs are complements (Berndt and Wood 1975) .
The price elasticities of demand for the factors of production can be calculated from the Allen partial elasticities of substitution as follows (Christensen and Greene 1976; Allen 1938 ):
In its turn, the elasticity of the total cost (TC), (E tc ), which is a proportional increase in the TC resulting from a small proportional increase in output (Q), is calculated by differentiating the total cost function with respect to the output:
Returns to scale (RTS) is then defined as the proportional increase in outputs made possible by a proportional increase in inputs (Caves, Christensen, and Swanson 1981) :
Results Possible reasons for the increase in pangasius production include: i) significant improvement in the production strategy of the fish farming community that has modernized its production models; ii) upgrade and expansion of investments in equipment and an increase in production scale; and iii) increased use of industrial feeds, which are believed to result in faster growth and better quality of pangasius. Adjusted for inflation, costs per kg harvested have not increased. Possibly the increases in labour, capital, and feed and fingerling prices are lower than the inflation rate, or input use may have improved. The latter will be analyzed next. Estimation results of the translog and Cobb-Douglas models are presented in tables 3 and 4. As shown in the last row of table 3, the log-likelihood ratio was 39.357 and 33.071 for the translog cost frontier and the Cobb-Douglas cost frontier, respectively. The likelihood-ratio statistic for testing the null hypothesis that the Cobb-Douglas is an adequate fit of the data equals λ = -2 (33.071 -39.357) = 12.572. This exceeds the critical value (upper 1%; two degrees of freedom) of 8.273 (Kodde and Paml 1986) . Hence, the null hypothesis is rejected. This implies that the translog cost model is preferred for the 2002 model (Coelli, Rao, and Battese 1998; Mulatu and Crafts 2005) . Similarly, in the 2006 model (table 4) the log-likelihood ratio of the translog cost frontier is 10.444, while that of the Cobb-Douglas function is 2.023; hence the value λ = -2(2.023-10.444) = 16.842. This value exceeds the critical value mentioned above, which indicates that the null hypothesis (which proposed Cobb-Douglas as an adequate representation of the data) should be rejected. We conclude that the translog cost frontier is the appropriate specification for both samples, and the derived estimations of elasticities and return to scale will be based on this model.
In both the first (2002) Notes: Q = output (ton); L = labour; B = biochemical inputs; K = capital price. i) LR presents the log-likelihood ratio test of the null-hypothesis that the structural parameter γ can be ignored. This statistic has a mixed chisquare distribution. ii) *** significant at 1%; ** significant at 5%; * significant at 10%.
The estimates of the pooled model with translog specifications are presented in table 5. The following coefficients were significant and positive: quantity, α Q ; labour price, β L ; and biochemical input price, β B . The coefficient for the dummy variable, λ, was negative and statistically significant, confirming that production costs were higher in the 2006 data. A Chow test was performed in order to estimate whether the coefficients of the 2002 and 2006 models were the same. The F value for the Chow test (equation 9), based on the three models discussed above, is 2.50. This is larger than the critical value of 2.22 at a 1% significance level; thus the null hypothesis, which states that coefficients are the same for both periods, should be rejected.
Our estimates of the returns of scale (1/∂lnC/∂ln output) are 1.075 and 1.374 for the 2002 and 2006 models, respectively (table 6). These values are both larger than unity, suggesting that pangasius production benefits from scale economies. The scale benefits in 2006 were slightly higher compared to 2002. This implies that there may still be unexploited economies of scale, and it would be more economically advantageous to have fewer large fish farms producing at a relatively lower cost per unit than many small farms producing at a relatively high cost per unit.
As shown in table 6, pangasius farmers in the MD achieved an average technical efficiency of 0.846 for the second period, while the average technical efficiency for the first period was 0.687. The difference between the technical efficiency between the two periods is statistically significant. This implies that in 2006, the average fish farmer was operating closer to the efficiency frontier than in 2002. This might be for a number of rea- Notes: Q = output (ton); L = labour; B = biochemical inputs; K = capital price. i) LR presents the log-likelihood ratio test of the null-hypothesis that the structural parameter γ can be ignored. This statistic has a mixed chisquare distribution. ii) *** significant at 1%; ** significant at 5%; * significant at 10%.
sons, including: the farmers gained more experience, the sector benefited from an expansion of the scale of the average farmers, and/or farming techniques improved (Binh 2006) . Notes: Q = output (ton); L = labour; B = biochemical inputs; K = capital price. i) LR presents the log-likelihood ratio test of the null-hypothesis that the structural parameter γ can be ignored. This statistic has a mixed chisquare distribution. ii) *** significant at 1%; ** significant at 5%; * significant at 10%. Finally, in order to measure factor substitution possibilities, the Allen partial elasticities of substitution (σ jk ) and price elasticities (E jk ) were estimated. (Own) price elasticities that are close to zero provide evidence of a lack of substitution possibilities. Limited or zero substitution possibilities indicate that farmers will experience problems in adjust-ing to changes in input prices (Guttormsen 2002) . The results of elasticities and standard errors are presented in table 7. Several important conclusions emerge from these estimations. First, the estimated cross-substitution elasticities σ LB (between the labour and biochemical inputs), σ LK (between the labour and capital), and σ BK (between the biochemical inputs and capital) are positive in both the 2002 and 2006 models, suggesting a relatively high degree of substitutability. However, in both periods, only the crosssubstitution elasticity between labour and biochemical inputs (σ LB ) is statically significant. This implies that an increase in labour price should cause a significant rise in biochemical input demand. This elasticity of substitution between labour and biochemical inputs (σ LB ) was higher in the 2002 model than in the 2006 model. The difference between these two estimates was statistically confirmed following Ali and Parikh (1992) .
In addition, the demand for labour, biochemical inputs, and capital were responsive to a change in their own price in the 2002 model. Only E LL is significantly different from zero, while the own elasticity, E KK and E BB , are not. This suggests that farmers had few problems adjusting to changes in the prices of labour, but they were less able to adjust to price changes of biochemical inputs and capital. Similarly, in the 2006 model only the own price elasticity of labour E LL = -1.891 is significantly different from zero. Overall, the values of the price elasticity of demand for inputs are relatively higher in the 2002 model, showing a more elastic demand for inputs, whereas the 2006 the production pattern is less responsive to price changes. (Binswanger 1974 ). *** significant at 1%; ** significant at 5%; * significant at 10%.
Conclusions
This study analyzes changes in the production characteristics of pangasius farming in the MD between 2002 and 2006 using a stochastic frontier approach. A primary focus of this study was to estimate the elasticities of substitution between inputs and the price elasticities of factor demands. Labour was found to be a substitute for biochemical inputs in the 2002 model. However, in the 2006 model the results showed a lower substitutability between labour and biochemicals. Since biochemical inputs accounted for the largest share of total production costs, this can have important implications. It leads us to conclude that pangasius prices in the future will be even more dependent upon the price of biochemical inputs, particularly the price of feed. Good access to input markets and improved bargaining power on these markets are important for future production growth.
Another important finding is that farmers achieved higher levels of technical efficiency in the 2006 model, with slightly higher returns to scale. In general, we find a positive change in the way that pangasius was farmed in 2006, compared to 2002. Technological improvements and the expansion of the scale of production have both contributed to higher returns to the farmers. The increasing returns to scale also suggest that farmers could benefit from joint actions, such as creating a pangasius farming association or cooperatives. This would further enhance the quality of the product and stimulate the distribution of more advanced farming techniques.
This leads us to identify three factors that could help improve farmers' livelihoods and their resilience to possible shocks in the production and market environments: support in dealing with the input market, improved knowledge of production technology, and the realisation of scale economies. In relation to the first, production costs are highly dependent on the costs of feed and fingerlings. Farmers have little bargaining power in relation to other stakeholders in the supply chains of these inputs. The input providers seem to dominate the supply chain and often act opportunistically towards the farmers (Khoi 2009 ). Farmers need support in order to improve their market access and reduce transaction costs. Possible avenues for this include collective purchasing of inputs and sale of fish, strengthening the voice of the farmers, upgrading infrastructure, and better monitoring and regulation of contracts. Improved access to credit could also be beneficial. The most appropriate mechanisms to achieve this and the resulting impact is an area for future study.
Second, the high dependency of farmers on the input market makes them highly sensitive to possible embargos due to food safety problems. The government could increase its efforts to monitor fish safety at the farm, processing, and export levels. Any third party control mechanisms would need to meet global standards for food control and traceability.
Third, the importance of increased returns to scale could provide new opportunities for farmers. If access to credit can be improved, individual farmers could increase their production scale. Joint action could also be beneficial. This would require establishing well-organised associations or groups. One should, however, be aware of the possible risks that farmers face.
In this article we have restricted ourselves to describing changes in the market environment, but climatic change could also significantly impact pangasius production (and aquaculture in general). Increasing the scale of production could further increase the sensitivity of the farmers to these risks. Again, this is an area for future research.
